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was studied using X-ray photoelectron spectroscopy sputter depth proﬁling. A strong diffusion asymmetry of
C in a Mo–Si layered structure is observed. C does interdiffuse with Mo, however, even at 600 °C, no interdif-
fusion of Si and C was observed. Based on these results, the thermal stability of Mo/Si-based layer structures
was improved by depositing a Si/C/Mo2C/C/Si layer structure. This structure shows superior thermal stability
at 600 °C compared to the Mo2C/Si and Mo/Si layer structure.
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Mo/Si multilayer structures as Bragg reﬂectors for Extreme Ultra-
Violet radiation (EUV) have been studied widely. However, two key
issues in these multilayer structures still require further study:
interlayer formation during deposition and interdiffusion of the ma-
terials under thermal load of for example 92 eV radiation for EUV
lithography. Both effects reduce the optical contrast between the
layers, and thereby reduce the peak reﬂectance. It has been observed
that both the initial interlayer width and the interdiffusion rate are
largest at the Mo-on-Si interface [1]. Additionally, the growth of the
interlayers during annealing can not be described by the usually
assumed parabolic growth (i.e. the squared interlayer width is pro-
portional to time). There is a transition from anomalous to parabolic
growth. During this transition, the diffusion rate reduces and the ac-
tivation energy for interdiffusion at the Si-on-Mo interface increases
from 1.7 to 2.5 eV, whereas at the Mo-on-Si interface the activation
energy remains constant at 2.5 eV [2].
To reduce interdiffusion of Mo and Si it is common to put an addi-
tional barrier layer in between Mo and Si. This layer should have
three properties: (1) chemically stable; (2) low interdiffusion rates
with Mo and Si; (3) preferably a positive, otherwise a not too large
negative effect on the reﬂection. The last requirement usually
means that the additional layer should be very thin, usually a few
tenths of a nanometer.+31 306 031 204.
.V. Open access under CC BY license.Reported compositions for this diffusion barrier layer are Si3N4,
Mo2C, and B4C [3–5]. A thin B4C layer signiﬁcantly prevents interdif-
fusion up to 400 °C [6]. For higher temperatures, the multilayer struc-
tures started to degrade. For annealing temperatures around 500 °C,
the B4C layer decomposes and reacts with Mo and Si [7]. They specu-
late that a SiBxCy layer is formed, which is responsible for the thermal
stability in Mo/Si multilayer structures containing B4C barrier layers.
In this research we focus on the properties of a thin C layer in a
Mo–Si layered structure, since: (1) for B and C there is a chemical
driving force to intermix with Mo and Si (i.e. both have a negative en-
thalpy of formation with Mo and Si). However, the melt temperature
for C is much higher than for B4C, 3800 K vs 2445–3036 K. Therefore,
a C layer might be more stable in this layer structure with Mo and Si;
(2) like B4C, a thin C layer slightly increases the reﬂectance of Mo/Si
multilayer structures [8]. In both cases, this is likely due to the reduc-
tion of initial interdiffusion of Mo and Si. From optical point of view,
this makes C, like B4C, also a suitable candidate to be used in practice
as a barrier layer between Mo and Si.
Furthermore, to passivate an entire layer in order to reduce inter-
diffusion, the Mo layer can be replaced by Mo2C [9]. Although these
multilayer structures were much more stable than the standard Mo/Si
structures, the structure still degrades above 500 °C. Based on our
gained knowledge on C interactions in a Mo–Si structure, described in
this paper, we discuss a method to improve the Mo2C/Si layer structure
and to further reduce interdiffusion of Si into the Mo–carbide layer,
especially during annealing.
2. Experimental details
Samples containing C, Mo and Si were deposited onto super
polished Si (100) wafers using electron beam evaporation. For
211J. Bosgra et al. / Thin Solid Films 542 (2013) 210–213electron beam evaporation, the arriving particles have a relatively low
energy (0.1–0.2 eV). Therefore, intermixing at interfaces due to ballistical
effects is minimized. To modify the density of the layers, after 1 nm
of deposited material, a Kr ion beam was switched on (beam voltage
80 V, ﬂux 7 × 1013 cm−2 s−2, angle of incidence 45°) for the remainder
of the layer. All samples were deposited at a base pressure lower
than 2 · 10−6 Pa. The ﬁlm growth was monitored by quartz crystal
microbalances.
All samples were analyzed using X-ray photoelectron spectros-
copy (XPS) Thermo Scientiﬁc Theta Probe instrument, using mono-
chromatic Al Kα radiation. To study interdiffusion of C, Mo and Si, XPS
sputter depth proﬁling (0.5 keV Ar+ at 45°) was used before and after
annealing at 500 or 600 °C. Four types of trilayer structures have been
studied:• substrate/Mo(10 nm)/C(4 nm)/Mo(10 nm)
• substrate/Si(10 nm)/C(4 nm)/Si(10 nm)
• substrate/Mo(10 nm)/C(2 nm)/Si(5 nm)
• substrate/Si(10 nm)/C(2 nm)/Mo(5 nm).
Based on the results of the previous series of samples, an additional
series of samples was deposited and analyzed in the same manner:• substrate/Si(10 nm)/Mo2C(5 nm)/Si(10 nm)
• substrate/Si(10 nm)/C(2 nm)/Mo2C(5 nm)/C(2 nm)/Si(10 nm)
To ensure the correct stoichiometry of the carbide layer, the Mo2C
layers were deposited using magnetron sputtering.Mo ref
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Fig. 1. XPS sputter depth proﬁle of: (a) Mo/C/Mo before (solid line) and after (dotted
line) annealing at 500 °C for 1 h; (b) Si/C/Si before (solid line) and after (dots)
annealing at 600 °C for 1 h.3. Results and discussion
3.1. Diffusion of C in Mo and Si layered structures
To study the effect of a thin C layer with Mo and Si, we ﬁrst inves-
tigate the interaction of C with only Mo or Si. For this purpose, XPS
sputter depth proﬁles of as deposited and annealed (1 h) Si/C/Si
and Mo/C/Mo structures were measured. The XPS sputter depth pro-
ﬁles are illustrated in Fig. 1(a) and (b). The depth scale (x-axis) is
based on thicknesses determined by the quartz crystal microbalances
and a constant sputter rate for every material. At 500 °C, Mo and C in-
terdiffuse, whereas even at 600 °C we observe no interdiffusion of Si
and C. Therefore, in the more complex structures where a C layer is
in between Mo and Si, we can expect a strong diffusion asymmetry
of the C.
In Fig. 2(a) and (b) the XPS sputter depth proﬁles of Si(wafer)/Si/
C/Mo and Si(wafer)/Mo/C/Si layered structures are illustrated. For the
as deposited structures it is clear that the carbon distribution for
the Mo on C on Si is broader with a lower maximum than for the Si
on C on Mo structure. This is usually interpreted as a more in depth
localized carbon concentration, which suggests that the carbide inter-
layers are smaller for the second structure. This is in agreement with
the usually observed asymmetry of interlayer widths in Mo/Si multi-
layer systems. In these structures, the Mo-on-Si interlayer is thicker
than the Si-on-Mo interlayer [10].
The depth proﬁle of the Si (wafer)/Si/C/Mo structure annealed at
600 °C for 3 h, shows that C has fully diffused into the Mo layer and
on average has formed a homogeneous layer with Mo. The Mo/C
ratio is approximately 2/1, suggesting that an amorphous or crystal-
line Mo2C has formed. Nakanishi et al. have shown that indeed
annealing at 600 °C for 1 h of a Mo/C (diamond) layer structure
leads to a 3–4 nm thick amorphous layer with crystalline Mo2C andSi ref
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Fig. 2. XPS sputter depth proﬁle of: (a) Si(wafer)/Si/C/Mo before (solid line) and after
(dots) annealing at 600 °C for 3 h; (b) Si(wafer)/Mo/C/Si before (solid line) and after
(dots) annealing at 600 °C for 3 h.
212 J. Bosgra et al. / Thin Solid Films 542 (2013) 210–213MoC particles, and a crystalline layer on top. The Mo2C phase was
identiﬁed as the dominant phase [11]. In agreement with our earlier
observation described in this paper, C has not diffused into the Si
layer. Additionally, with the experimental setup, predominantly the
intermixed region due to sputter erosion is probed. Since the slope
of the Si depth proﬁle at the (Mo–)C interlayer has not changed, it
is unlikely that Si has diffused into the Mo–carbide layer.
Annealing of the (wafer)/Mo/C/Si structure at 600 °C for 3 h re-
sults in a very different picture. First of all, the C is not homogeneously
distributed into the Mo layer. The highest Mo/C ratio we observe is
approximately 7/2. This does not necessarily mean that no Mo2C has
formed. Actually, we know that a Mo2C should form. Therefore,
it must be that laterally, no homogeneous Mo2C layer is formed.
Hence, there are Mo regions at the Si interface where aMo–Si reaction
can occur. Indeed, contrary to the previous system, the slope and
maximum percentage of the Si has changed, and we do see additional
content of Si in theMo layer. It appears that without the formation of a
sufﬁciently homogeneous Mo–carbide layer with an approximate
stoichiometry of Mo2C, Si will diffuse into the Mo layer. Given
that Mo–silicides are always more favorable from enthalpy point of
view than Mo–carbides (with the same ratio's of the elements) [12],
Mo–silicides in the end will be the dominating phase.
3.2. Effect of C barrier layers in a Si/Mo2C/Si structure
As opposed to Mo/Si multilayer structures, Mo2C/Si multilayer
structures possess a superior thermal stability up to 500 °C [9]. In
the previous section we concluded that C diffuses into Mo, whereas
no signiﬁcant interdiffusion of Si and C is present at this temperature.
Additionally, from the Si(substrate)/Mo/C/Si compared to the reverse
system, we concluded that the Mo–C ratio may be very important
with respect to Si diffusion towards Mo.Si ref
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Fig. 3. XPS sputter depth proﬁle of: (a) Si/Mo2C/Si before (solid line) and after (dots)
annealing at 600 °C for 1 h; (b) Si/C/Mo2C/C/Si before (solid line) and after (dots)
annealing at 600 °C for 1 h.Based on these observations, we compare Si/Mo2C/Si with and
without additional C layers between Si and Mo2C. The XPS depth pro-
ﬁles of the as-deposited and the annealed structures (1 h at 600 °C)
are illustrated in Fig. 3(a) and (b). In agreement with Feigl, we see
that the Si/Mo2C/Si layer structure deteriorates during annealing at
600 °C. Si is diffusing into the Mo–carbide layer and is consequently
reducing the C concentration in this layer. As mentioned before, the
enthalpy of formation of Mo–silicides is always more negative than
the formation enthalpy of the Mo–carbides (having the same ratio's
of the elements). Therefore, the probability to have Mo–silicides in
the structure is higher than that of Mo–carbides.
On the contrary, when we look at the system with 2 nm thick C
layers around the Mo–carbide layer, there is little to no change in
the concentration proﬁle before and after annealing at 600 °C for
1 h. As expected, the Si and C layer show no interdiffusion. Inside
the Mo–carbide layer there might be some redistribution of Mo and
C. Activation energy values for C diffusion in Mo–carbide vary be-
tween 3.06 and 4.79 eV [13–15], whereas a value of only 1.89 eV
is reported for C diffusion in Mo [14]. Therefore, compared to the
Mo/C system, much less interdiffusion is to be expected. Apparently,
the activation energy is high enough for the C layer to stay intact.
The XPS sputter depth proﬁles measured after 5 h of annealing at
600 °C are included in Fig. 4(a) and (b). In the Si/Mo2C/Si system, we
see a slight difference at the interface at 15 nm: Si is still diffusing
into the Mo–carbide layer. Contrary, the concentration distribution
with additional C layers between Si and Mo–carbide still shows no
changes.
To further explain why the two systems with Mo2C behave so differ-
ently, we made a graphical depiction of the expected layered structure
after the deposition process and during annealing (Fig. 5(a) and (b)).
During sputter depositing of a Mo2C layer on Si, Mo and C atoms arrive
separately. We have observed already that Mo–Si appears to be a moreSi ref
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Fig. 4. XPS sputter depth proﬁle of: (a) Si/Mo2C/Si before (solid line) and after (dots)
annealing at 600 °C for 5 h; (b) Si/C/Mo2C/C/Si before (solid line) and after (dots)
annealing at 600 °C for 5 h.
Fig. 5. Schematic depiction of deposition and annealing of (a) Si/Mo2C/Si structure and
(b) Si/C/Mo2C/C/Si structure. The ‘+’ in the illustrations means that all kind of bonds
can be present between the mentioned elements.
213J. Bosgra et al. / Thin Solid Films 542 (2013) 210–213dominant reaction thanMo–C. Therefore, during deposition an interlayer
consisting of Mo, C and Si will form. In addition to this interlayer, the
Mo–C layer will not be in an ordered carbide phase. During annealing,
Si is able to diffuse further into the amorphous Mo–carbide structure,
before this layer can relax into an ordered, chemically stable state, as
it appeared to be in the Si(wafer)/Si/C/Mo structure.
For the structures where a C layer is deposited on top of Si and also
on top of the sputteredMo–carbide layer, the situation is different. The
arriving Mo and C atoms will not intermix with Si during deposition,
but with the C layer (provided this layer is closed). Since C and Si do
not or barely interdiffuse at 600 °C, the Mo–carbide layer has time to
relax into a more stable and ordered state. Given the high activation
energy for C diffusion into a Mo–carbide layer, the C layer will largely
remain intact, and Si will not be able to diffuse through the C layer,
towards the Mo–carbide layer.
3.3. Applicability as EUV multilayer mirrors
For applications like EUV lithography, it is very important that
multilayer structures have a good reﬂection and thermal stability.
Mo/Si and Mo2C/Si multilayer structures have been demonstrated to
reﬂect 67.5% and 66.3% at a wavelength of 12.8 nm, respectively [9].
This means that replacing a Mo layer by Mo–carbide will result in a
loss of about 1.2%. When looking at the theoretical difference in re-
ﬂection between these two multilayer mirror structures (50 periods,
no roughness, 13.5 nm wavelength radiation (used in EUVL), near
normal incidence), we get a difference of 2.4% (75.2% and 72.8%, re-
spectively). By simulating the small angle reﬂection spectra, Feigl
et al. found that the interlayers are 0.2 and 0.6 nm thick for the car-
bide system, whereas the interlayers have a thickness of 0.6 and
1.0 nm in the Mo/Si system. This large reduction in interlayer width
may explain that in reality the loss in reﬂection is less than in theory.Based on a trend in the (110) Mo diffraction peak with different C
layer thicknesses, Braun et al. [8] speculated that a continuous C layer
forms after a layer thickness of 0.2 nm. When calculating the reﬂec-
tance of a C/Mo2C/C/Simultilayer structure (50 periods, no roughness,
13.5 nm wavelength radiation, near normal incidence) with C layer
thicknesses of 0.2 or 0.5 nm, we get a reﬂection of 71.7 and 69.7%, re-
spectively. Compared to the theoretical value of the Mo2C/Si system,
this is a loss of 1.1 or 3.1%. Since C layers will further reduce
or prevent Mo–Si interlayers between the Si and Mo2C layer, we
would assume that these losses are an overestimation. Therefore,
we would expect that the loss compared to standard Mo/Si multilayer
structures will be less than 2.3% for 0.2 nm thick C layers between
Si and Mo2C (i.e. addition of the experimental loss of 1.2% between
Mo/Si and Mo2C/Si and the theoretical loss of 1.1 nm).
The optimum C layer thickness remains to be investigated to pre-
serve good thermal stability and achieve high EUV reﬂectivity. This
could be considered as a further study involving full stack multilayer
structures to determine the viability of these multilayer structures as
EUV reﬂectors for different applications.
4. Conclusions
Using XPS sputter depth proﬁling, we found that there is a strong
diffusion asymmetry for C in aMo–Si layered structure at an annealing
temperature of 600 °C. Si and C do not tend to intermix, whereas Mo
and C do intermix. When annealing Mo2C/Si multilayer structures at
600 °C, Si is able to diffuse into the carbide layer. This is also expected,
based on the difference in Mo–carbide and Mo–silicide enthalpies
of formation. Upon introducing C layers in between the Si and Mo2C
layer, the structure shows no changes under annealing at 600 °C.
The C/Mo2C/C/Si structure shows a superior thermal stability over
existing Mo–Si-based multilayer structures.
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